The kinetics and microscopic mechanisms of laser melting of a thin metal film are investigated in a computational study that combines molecular dynamics simulations with a continuum description of the laser excitation and subsequent relaxation of the conduction band electrons. Two competing melting mechanisms, homogeneous nucleation of liquid regions inside the crystalline material and propagation of melting fronts from external surfaces, are found to be strongly affected by the dynamics of the relaxation of the laser-induced pressure. DOI: 10.1103/PhysRevLett.91.105701 PACS numbers: 64.70.Dv, 02.70.Ns, 61.80.Az, 79.20.Ds Although melting is a common and well-studied phenomenon, the nature of the structural instability of a superheated crystal and the microscopic mechanisms of melting are still subjects of active scientific discussions [1] [2] [3] . Recent experimental investigations combining short pulse laser irradiation with optical, x-ray, and electron diffraction time-resolved probe techniques [4 -7] have a promise of providing new insights into the melting mechanisms and kinetics. The extremely high heating rates of 10 14 K=s and even more can be achieved by short (pico-and femtosecond) pulse laser irradiation, opening unique opportunities for investigation of the kinetic limits of achievable superheating. While the time-resolved pump-probe experiments are providing valuable information on the time scales of the laser-induced melting, a reliable interpretation of the experimental observations requires a better understanding of the microscopic mechanisms of melting occurring under highly nonequilibrium conditions created in the target material by short pulse laser irradiation. In this Letter we report the results of a molecular dynamics (MD) simulation study of short pulse laser melting of a thin metallic film. Simulation results provide insights into the atomic-level mechanisms of laser melting and, in particular, reveal a strong effect of the laser-induced pressure on the melting process.
Although melting is a common and well-studied phenomenon, the nature of the structural instability of a superheated crystal and the microscopic mechanisms of melting are still subjects of active scientific discussions [1] [2] [3] . Recent experimental investigations combining short pulse laser irradiation with optical, x-ray, and electron diffraction time-resolved probe techniques [4 -7] have a promise of providing new insights into the melting mechanisms and kinetics. The extremely high heating rates of 10 14 K=s and even more can be achieved by short (pico-and femtosecond) pulse laser irradiation, opening unique opportunities for investigation of the kinetic limits of achievable superheating. While the time-resolved pump-probe experiments are providing valuable information on the time scales of the laser-induced melting, a reliable interpretation of the experimental observations requires a better understanding of the microscopic mechanisms of melting occurring under highly nonequilibrium conditions created in the target material by short pulse laser irradiation. In this Letter we report the results of a molecular dynamics (MD) simulation study of short pulse laser melting of a thin metallic film. Simulation results provide insights into the atomic-level mechanisms of laser melting and, in particular, reveal a strong effect of the laser-induced pressure on the melting process.
A hybrid computational model that combines classical MD method for simulation of nonequilibrium processes of lattice superheating and ultrafast melting with a continuum description of the laser excitation and subsequent relaxation of the conduction band electrons is used in the simulations. The model is based on so-called twotemperature model (TTM) [8] , which describes the time evolution of the lattice and electron temperatures, T l and T e , by two coupled nonlinear differential equations. In the combined TTM-MD method [9] [10] [11] , MD substitutes the TTM equation for the lattice temperature. The equation for the electron temperature is solved by a finite difference method simultaneously with MD integration of the equations of motion of atoms. The electron temperature enters a coupling term that is added to the MD equations of motion to account for the energy exchange between the electrons and the lattice. A modified, as compared to earlier works [9, 10] , formulation of the coupling term is used in the model. The new formulation distinguishes between the thermal velocities of the atoms and the velocities of their collective motion. It also does not require a priori knowledge of the lattice heat capacity of the model system, which is, in general, a function of temperature. The expansion, density variations, and, at higher fluences, disintegration of the irradiated target predicted in the MD part of the model are accounted for in the continuum part of the model. A complete description of the combined TTM-MD model is given elsewhere [11] .
The simulation reported in this Letter is performed for a 50 nm freestanding Ni film irradiated with a 200 fs laser pulse at an absorbed fluence of 430 J=m 2 . Simulations for Ni and Au films performed at different fluences and pulse durations from 200 fs to 200 ps support the conclusions made in this Letter and are reported elsewhere [11] . The parameters used in the TTM equation for the electron temperature are as follows [12] . The electronic heat capacity is C e AT e with A 1065 Jm ÿ3 K ÿ2 , the thermal conductivity of the electrons is K e K 0 T e =T l with K 0 91 Wm ÿ1 K ÿ1 , the electron-phonon coupling constant is G 3:6 10 17 Wm ÿ3 K ÿ1 , and the optical absorption depth is L p 13:5 nm. The initial MD system is an FCC crystal composed of 56 800 atoms with dimensions 3:53 3:53 50:14 nm and periodic boundary conditions imposed in the directions parallel to two (100) free surfaces. Interatomic interaction is described by the embedded-atom method (EAM) in the form suggested in Ref. [13] . Before applying laser irradiation, the system is equilibrated at 300 K and zero pressure.
The lattice temperature contour plot shown in Fig. 1 (a) reflects the complexity of the material response to the short pulse laser irradiation. There are several processes that are responsible for the evolution of the lattice temperature distribution in the irradiated film. First, the energy transfer from hot electrons to the lattice leads to the initial temperature increase. Strong electron-phonon coupling in Ni results in the development of a temperature gradient within the 50 nm film, Fig. 1 The second factor affecting the temperature is the onset of melting, which leads to a transient decrease of the lattice temperature due to the transfer of a part of the thermal energy to the latent heat of melting. The effect of melting on the lattice temperature can be seen in Fig. 1(a) , where the dashed and solid lines show the beginning and the end of the melting process, respectively. The dashed line goes through the regions in the film where 10% of atoms have a ''liquidlike'' environment (as defined by the local order parameter [11] ), whereas the solid line connects the regions where 90% of atoms belong to the liquid phase.
(a). P H Y S I C A L R E V I E W L E T T E R S
The third factor that has a significant effect on the long-term temperature evolution is the relaxation of the laser-induced pressure in the irradiated film. Strong electron-phonon coupling in nickel leads to the steep rise of the lattice temperature during the first 5 ps after the laser pulse, Fig. 1(a) . This time is shorter than the time needed for the film to expand in response to the corresponding thermoelastic stresses and, in the central part of the film, the heating takes place under condition of the inertial stress confinement [15] . The heating under the condition of stress confinement results in the buildup of a high, up to 7.7 GPa, compressive pressure, Fig. 1(b) . Relaxation of the compressive pressure leads to the expansion of the freestanding film with tensile stresses concentrating in the central part of the film. The following gradually dissipating oscillations of the film continue beyond the time of the simulation. A direct correlation between the pressure and temperature variations in the film is apparent from comparison of Figs. 1(a) and 1(b) . Compression leads to the temperature increase whereas expansion corresponds to cooling. Neglecting viscosity and dissipation of the energy of the elastic oscillations and considering the compression and expansion as isentropic processes, the temperature variation with pressure can be estimated from thermodynamics, @T=@P S VT=C P . In order to integrate this equation, we calculated the pressure and temperature dependence of the heat capacity C P , volume V, and the volume coefficient of thermal expansion for the EAM Ni material in both solid and liquid states. The results of the integration for the crystal phase are shown in Fig. 2 by blue dashed lines. Similar slopes of the isentropes are observed for the liquid phase. For a pressure variation from about ÿ5 to about 4 GPa, observed after 35 ps in the central part of the film in Fig. 1(b) , the range of the temperature variation of 200 K is predicted for the isentropic expansion or compression. This prediction correlates well with the temperature variation observed in Fig. 1(a) .
Turning to the analysis of the mechanisms of laser melting, we can see from Fig. 1(a) that the melting process occurs in two steps. An ultrafast melting of 80% of the film occurring within 15 ps is followed by a much slower melting of the remaining crystalline region near the back surface of the film that takes more than 100 ps. The irradiated side of the film starts to melt 10 ps after the laser pulse, when the temperature reaches 1650 K, significantly above the equilibrium melting temperature of 1439 K, determined for the EAM Ni from a liquid-crystal coexistence simulation at zero pressure. Although, at first sight, the melting seems to proceed by propagation of the melting front from the irradiated surface, a closer look at a series of snapshots of the atomic-level structure of a region undergoing ultrafast melting, Fig. 3(a) and [14] , reveals a more complex picture characteristic of homogeneous melting. Small liquid regions appear and grow ahead of the ''melting front'' leading to a very high apparent melting front propagation velocity of 4000 m=s.
While the ultrafast homogeneous melting starts near the irradiated surface under conditions of strong overheating, in the central part of the film it proceeds at significantly lower temperatures. This observation can be The temperature and pressure conditions leading to the onset of the ultrafast homogeneous laser melting are shown in Fig. 2 by color circles. These conditions are calculated along the dashed line in Fig. 1 for the depth under the irradiated surface up to 35 nm. At all pressures, the homogeneous melting starts under conditions of overheating above the liquid-crystal coexistence line. The overheating required for initiation of the homogeneous melting in this simulation is found to range from less than 1:05 T m to 1:18 T m . These values are significantly lower then the temperatures at which homogeneous melting is observed in constant-pressure simulations performed with three-dimensional periodic boundary conditions, 1:21-1:25 T m , shown by triangles connected by the black dashed line in Fig. 2 . The temperature needed to initiate melting in a system with no external boundaries and internal defects corresponds to the limit of thermal stability of the crystal lattice [2] , and can be considered as the maximum possible overheating achievable in a system. The discrepancy between the maximum overheating under constant-pressure conditions and the one required for the initiation of homogeneous melting under the short pulse laser irradiation conditions can be explained by the dynamics of the relaxation of the laser-induced pressure. The strong pressure gradients transiently realized in the irradiated films, Fig. 1(b) , and associated complex stress conditions can destabilize the lattice and promote melting at lower overheatings. Moreover, for a typical laser spot diameter of 10-100 m the fast relaxation of the laser-induced pressure can only proceed in the direction normal to the surface. This uniaxial expansion and associated anisotropic lattice distortions can additionally reduce the lattice stability against the initiation of melting. Indeed, the melting process in the simulation proceeds simultaneously with the uniaxial expansion of the film, Fig. 1(b) , leading to the decrease of the overheating needed for the initiation of the homogeneous melting. This is apparent from Fig. 2 , where the points corresponding to the onset of the homogeneous melting are approaching the coexistence line as depth (and time) increases. As a result, our simulations suggest that homogeneous melting can be induced at significantly lower values of overheating and a significantly larger range of irradiation parameters as compared to the predictions based on the classical nucleation theory [3] .
P H Y S I C A L R E V I E W L E T T E R S
The overheating achieved in a region near the back surface of the irradiated film is not sufficient to induce homogeneous melting, and a much slower conventional heterogeneous melting takes place there. Two melting fronts propagate from the back surface of the film and from the homogenously melted part of the film, Fig. 3(b) , leading to the complete vanishing of the crystalline layer by the time of 115 ps after the laser pulse [14] . The heterogeneous melting is also affected by the pressure variations. The decrease in the thickness of the crystalline layer coincides with the expansion of the region. This is related to the steeper slope of the coexistence line as compared to isentropes, dT=dP m > dT=dP S , Fig. 2 . An adiabatic expansion of a region of the liquid-crystal coexistence facilitates melting and induces the advancement of the melting front. The role of laser-induced pressure in laser melting is defined by pulse duration as well as by the strength of electron-phonon coupling. The maximum values of laserinduced pressure are related to the condition of stress confinement [15] that, for 50 nm films, is satisfied for heating times up to 10 ps. In particular, in simulations performed for gold films [11] the characteristic time of energy transfer from the excited electrons to the lattice is longer, 20 ps, as compared to nickel, 5 ps. As a result, in gold films the laser-induced thermoelastic pressure is significantly weaker, the effect of pressure variations on the kinetics and mechanisms of laser melting is less pronounced and homogeneous nucleation of the liquid phase is observed at conditions closer to the maximum overheating. Similarly, pressure variations are small and do not play any significant role in melting of 50 nm Ni films irradiated with pulses longer than 25 ps [11] . Note, that the effect of the uniaxial thermal expansion is present even in cases of laser irradiation with longer pulses, moderately reducing lattice stability as compared to heating under hydrostatic pressure conditions.
In general, the strong influence of pressure relaxation on melting mechanisms, reported in this Letter for a thin metal film, can be expected for different systems and target materials, as soon as laser heating is fast enough to satisfy the conditions for inertial stress confinement [15] and to generate high compressive pressure. The relaxation of the laser-induced pressure, which takes place due to the presence of free surface(s), proceeds at the same time scale as the melting process and affects the kinetics and mechanisms of melting.
In conclusion, the results of the simulation demonstrate that the interplay of two competing processes, propagation of the liquid-crystal interfaces, and homogeneous nucleation of the liquid phase inside the bulk of the crystal, is responsible for fast melting of a metal film irradiated by a short laser pulse. The dynamics of relaxation of laser-induced pressure has a profound effect on temperature distribution in irradiated films as well as on both homogeneous and heterogeneous melting processes. Homogeneous nucleation of liquid regions inside crystalline material is assisted by anisotropic lattice distortions and stress gradients induced by the fast laser heating. The lattice distortions and stress gradients reduce the overheating required for the initiation of homogeneous melting down to less than 1:05 T m . The reduced lattice stability under conditions of short pulse laser irradiation has important implications for interpretation of experimental data on the kinetics of laser melting. FIG. 3 (color) . Snapshots from the simulation of laser melting for times and locations marked by rectangles A (a) and B (b) in Fig. 1(a) . Atoms are colored according to the local order parameter-red atoms have local crystalline surroundings, blue atoms belong to the liquid phase. Animated sequences of snapshots from the simulation can be found at [14] .
